We have determined the kinetic parameters for the hydrolysis by papain, cathepsin B and cathepsin L of internally quenched fluorescent peptides derived from the lead peptides Abz-AAFRSAQ-EDDnp [in which Abz and EDDnp stand for oaminobenzoic acid and N- (2,4-dinitrophenyl)ethylenediamine respectively], to map the specificity of S % and S $ subsites, and Abz-AFRSAAQ-EDDnp, to identify the specificity of S # h and S $ h. Abz and EDDnp were the fluorescent quencher pair. These two series of peptides were cleaved at the Arg-Ser bond and systematic modifications at P % , P $ , P # h and P $ h were made. The S % to S # h subsites had a significant influence on the hydrolytic efficiencies of the three enzymes. Only papain activity was observed to be dependent on S $ h, indicating that its binding site is larger than those of cathepsins B and L. Hydrophobic amino acids were accepted at S % , S $ , S # h and S $ h of the three enzymes.
INTRODUCTION
Cysteine proteinases of the papain superfamily are widely distributed in Nature ; they can be found in both prokaryotes and eukaryotes, e.g. bacteria, parasites, plants, invertebrates and vertebrates [1] . In mammals, the major cysteine proteinases are the lysosomal cathepsins B and L. They are implicated in many physiological processes such as protein degradation [2] , antigen presentation [3] and bone resorption [4] but they also have been implicated in a number of degradative and invasive processes such as arthritis [5] , tumour invasion and metastasis [6] and muscular dystrophy [7] . The biological function of papain, which was first described in 1879 [8] , is still not well defined but this enzyme has been extensively characterized and much information on cysteine proteases mechanism was obtained from papain studies (reviewed in [9] [10] [11] ).
The kinetic properties of these different cysteine proteinases have been studied by using substrates and inhibitors, most extensively for papain, and cathepsins B and L. It has been well established that the primary determinant of specificity for papain and cathepsins B and L is the S # subsite [12, 13] . Hydrophobic residues are preferred at the P # position of substrates for papain and cathepsin L, but cathepsin B also accepts basic residues there. This difference is due to the presence of a glutamic residue at S # of cathepsin B [14, 15] . The other non-prime subsites were also studied with the use of small chromogenic or fluorogenic synthetic substrates and also by synthetic inhibitors. The S " subsites of papain and cathepsin L are not as selective as S # , accepting a wide range of residues ; however, again, cathepsin B
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The best substrates for cathepsins L and B had Trp and Asn at P # h respectively ; variations at this position were less accepted by these enzymes. The best substrates for papain were peptides containing Trp, Tyr or Asn at P $ h. Basic residues at P $ and P % were well accepted by cathepsin L and papain. We also explored the susceptibility of substrates Abz-AFRSXAQ-EDDnp, modified at P # h (X), to human cathepsin B mutants from which one or two occluding loop contacts had been removed. The modifications at His""" (H111A) and His""! (H110A) of cathepsin B led to an increase in k cat values of one or two orders of magnitude. The hydrolytic efficiencies of these cathepsin B mutants became closer to those of papain or cathepsin L.
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is different because it shows a preference for non-bulky residues [16] [17] [18] . S $ and S % have been less studied and only a few results are available [19] . A similar lack of information exists for the prime subsites [20] [21] [22] . Several three-dimensional structures of cysteine proteinases of the papain superfamily are available and all share a common fold, consisting of two domains separated by the active-site cleft. A recent review of kinetic and structural data has reconsidered the definition of substrate-binding sites in papain-like cysteine proteases [23] .
In the present study we revisited the specificity of papain and cathepsins B and L by using intramolecularly quenched fluorogenic substrates derived from the lead peptide Abz-AAFRSAQEDDnp [in which Abz and EDDnp stand for o-aminobenzoic acid and N- (2,4-dinitrophenyl) ethylenediamine respectively], to map the specificity of the S % and S $ subsites, and Abz-AFRSAAQEDDnp, to identify the specificity of S # h and S $ h. Abz was the fluorescent donor group and EDDnp the quencher group. Because these two peptides were cleaved at the Arg-Ser bond, systematic modifications in the substrates at P % , P $ , P # h and P $ h were performed, synthesizing four families of peptides. The activities of cathepsin B mutants in which occluding loop contacts had been modified [24] were examined with the substrate series Abz-AFRSXAQ-EDDnp. Two single-mutant enzymes, at His""! (H110A) and at His """ (H111A), one double mutant at Asp## and His""! (D22A\H110A) and one triple mutant at Asp##, His""! and R""' (D22A\H110A\R116A) were assayed. These mutations altered the stability of the occluding loop of cathepsin B because His""! and Arg""', which are part of the loop, form salt bridges with Asp## and Asp##% respectively [25, 26] . In addition, the imidazole group of His""! and His""" provide the positive charge for the C-terminal carboxylate interaction of inhibitors [27, 28] and substrates [29] .
MATERIALS AND METHODS

Enzymes
Human recombinant cathepsin B and rat recombinant cathepsin B (EC 3.4.22.1) were obtained as described previously [24, 30] . Human cathepsin L (EC 3.4.22.15) and papain (EC 3.4.22.2) were obtained as described in [31] and [32] respectively. Human cathepsin B mutants were kindly provided by Dr Robert Me! nard and Dr Dorit K. Na$ gler (Biotechnology Research Institute, NRC, Montreal, QC, Canada). The molar concentrations of the enzyme solutions were determined by active-site titration with trans-epoxysuccinyl--leucylamido-(4-guanidino)butane (E-64) as described in [33] .
Peptide substrates
All the intramolecularly quenched fluorogenic peptides contained EDDnp attached to glutamine, a necessary result of the solidphase peptide synthesis strategy employed, the details of which are provided elsewhere [34] . An automated benchtop simultaneous multiple solid-phase peptide synthesizer (a PSSM 8 system from Shimadzu) was used for the solid-phase synthesis of all the peptides by the Fmoc (fluoren-9-ylmethoxycarbonyl) procedure. The final deprotected peptides were purified by semipreparative HPLC with an Econosil C ") column (10 µmicra, 22.5 mmi250 mm) and a two-solvent system : solvent A, trifluoroacetic acid (TFA)\water (1 : 1000, v\v) ; solvent B, TFA\ acetonitrile\water (1 : 900 : 100, by vol.). The column was eluted at a flow rate of 5 ml\min with a 10 % (or 30 %) to 50% (or 60 %) gradient of solvent B over 30 or 45 min. Analytical HPLC was performed with a binary HPLC system from Shimadzu with a SPD-10AV Shimadzu UV-visible detector and a Shimadzu RF-535 fluorescence detector, coupled to an Ultrasphere C ") column (5 µm, 4.6 mmi150 mm) that was eluted with solvent A1 [H $ PO % \water (1 : 1000, v\v)] and B1 [acetonitrile\water\ H $ PO % (900 : 100 : 1, by vol.)] at a flow rate of 1.7 ml\min and a 10-80 % gradient of B1 over 15 min. The HPLC column eluates were monitored by A ##! and by fluorescence emission at 420 nm after excitation at 320 nm. The molecular masses and purities of synthesized peptides were checked by matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF) MS (TofSpec-E, Micromass).
HPLC analysis of the enzymic hydrolysis products of the synthetic fluorogenic substrates
The peptide solutions (50-100 µM), in 50 mM phosphate buffer\ 200 mM NaCl\2.5 mM dithioerythritol\5 mM EDTA at pH 5.5 for cathepsin L, at pH 6.0 for cathepsin B and at pH 6.5 for papain, were incubated with the different proteinases at 37 mC. Samples (20 µl) of the incubation reactions were removed periodically for HPLC analysis until 100 % hydrolysis was reached. Substrate alone under the same reaction conditions was used as control. The hydrolysis products were separated by HPLC and subjected to amino acid analysis and MALDI-TOF-MS. The scissile bonds were deduced from the sequences of the substrate fragments. The HPLC conditions used for the analytical procedure were TFA in water (solvent A) and acetonitrile\solvent A (9 : 1, v\v) as solvent B. The separations were performed at a flow rate of 1 ml\min on a J. T. Baker C ") column (4.5 mmi300 mm).
Enzyme assays
Hydrolysis of the fluorogenic peptide substrates at 37 mC, in 50 mM phosphate buffer\200 mM NaCl\2.5 mM dithioerythritol\5 mM EDTA at pH 5.5 for cathepsin L, at pH 6.0 for cathepsin B and at pH 6.5 for papain, was monitored by measuring the fluorescence emission at 420 nm after excitation at 320 nm in a Hitachi F-2000 spectrofluorometer, as described previously [35] . The standard hydrolysis conditions were strictly maintained for different substrates. The enzyme concentration varied from 0.006 nM for the best substrates to 12 nM for the least susceptible substrates. In most cases the concentrations of the substrates ranged from 0.1K m to 10K m . The kinetic parameters were calculated as described in [36] . The S.E.M. of K m and k cat determinations was in each case never greater than 5 % of the value obtained.
Amino acid analysis
The amino acid compositions of the peptide substrates and their fragments were determined as follows : samples were freeze-dried and hydrolysed for 8 h at 110 mC in 6 M HCl containing 1 % (w\v) phenol in vacuum-sealed tubes, then subjected to amino acid analysis with a pico Tag station [37] .
RESULTS AND DISCUSSION
All the substrates assayed in the present study derived from the lead peptides Abz-AAFRSAQ-EDDnp and Abz-AFRSAAQEDDnp and were cleaved at the Arg-Ser bond by the three cysteine proteinases. All the kinetics of hydrolysis were fitted to the hyperbolic Michaelis-Menten rate equation ; the kinetic parameters are presented in Figures 1-4 as bar graphs (k cat \K m ) for better visualization of the differences in specificity for each amino acid substitution. The K m values are shown on the tops of individual bars. In comparison with cathepsin L and papain, all the assayed substrates were poorly hydrolysed by cathepsin B, yielding k cat \K m values three orders of magnitude lower than those of the other two proteinases, mainly owing to the very low k cat . Throughout the discussion below, papain numbering has been used on the residues of three-dimensional structures of the enzymes for a better comparison of the subsite characteristics.
S 2 subsite specificity
To verify whether the specificity previously described for S # remained for this class of substrates, we included in this study a limited series of quenched fluorogenic substrates with variations at P # (Abz-AXRSAAQ-EDDnp, where X represents Phe, Leu, Ala, Pro or Arg). Table 1 shows the kinetic parameters for hydrolysis of these substrates by cathepsin B, cathepsin L and papain. The K m values were very similar for the hydrolysis of all studied substrates by the three proteinases, except the hydrolysis by cathepsin L of the substrate with X l Leu and the hydrolysis by cathepsin B of the substrate with X l Pro, which were an order of magnitude higher and lower respectively than the other substrates of the series. In contrast, k cat \K m ratios were very different owing to the differences in k cat values. Cathepsin B cleaved the substrate with Arg and Phe at P # with similar efficiency, whereas cathepsin L and papain cleaved the former substrate with specificities approx. 1\160 those of the latter. The papain S # subsite seems to be more restrictive to Phe than cathepsin L, because papain hydrolysed the peptide containing Phe with a k cat \K m value 15-fold that with Leu, whereas with cathepsin L this difference was only 2-fold. In addition, papain hydrolysed peptides containing Leu or Ala with similar k cat \K m values, indicating that for this enzyme the aromaticity of the substrate side chain is a determinant element for the P # -S # interaction.
It has been well established that the primary determinant of specificity for papain and cathepsins B and L is the S # subsite [12, 13] . For cathepsin B, the residues that contribute to the enzyme-substrate interaction at the S # subsite are Pro'), Ala'*, Ala"$$, Gly"&(, Ala"'! and Glu#!& (papain numbering) [12, 15] ; this enzyme can therefore accommodate Arg at S # , owing to the presence of Glu#!&. The papain S # subsite consists mainly of hydrophobic residues, Pro'), Val"$$, Val"&( and Phe#!( [38] . The specificity of the papain S # subsite has recently been re-examined [39] ; although the aromaticity of amino acids at the P # position of substrates was reported not to be essential, lower K m values were obtained with substrates containing Phe, particularly those with a substitution on the phenyl group by Cl or NO # . According to these observations, Tyr(NO # ) was selected at the P # position with high frequency by screening a substrate peptide library for papain [40] . Cathepin L showed the same pattern as papain for the examined substitutions at the P # substrate sites [1] ; however, Ala occupies position 207, in contrast with papain, in which the residue is Phe. The absence of an aromatic residue at S # of cathepsin L seems to decrease its selectivity for aromatic amino acids, as observed with papain. The present results are in accordance with those available on the characterization of S # for the enzymes studied. The effect of variations in P # was less pronounced than that observed for small substrates [14] but the overall pattern was maintained. Figure 1 shows the kinetic parameters for the hydrolysis of the quenched fluorogenic substrates with substitutions at P $ in the series Abz-AXFRSAQ-EDDnp by papain and cathepsins B and L. In general, the k cat \K m values indicated that all three enzymes prefer hydrophobic residues at this position. The orders of preference, considering only the hydrophobic residues, were : Leu Tyr Phe,Trp for cathepsin B, Phe,Trp Leu Tyr for cathepsin L, and Phe,Leu Trp Tyr for papain. The substrates with His and Lys at the P $ position were quite susceptible to hydrolysis by cathepsin L. In contrast, the peptide with His was the worst substrate for papain examined in this work owing to the very low k cat . Acidic residues at P $ decreased the hydrolysis of the substrate, particularly by cathepsin L. A proline residue interferes mainly with the substrate affinity, particularly towards papain, whose K m was higher for the other substitutions.
S 3 subsite specificity
The X-ray crystallographic structure of cathepsin B suggests that the S $ pocket involves at least two residues, Asp'" and Tyr'( [15, 41, 42] . We could therefore expect that at the S $ subsite both electrostatic and hydrophobic interactions would occur. Indeed, our results with cathepsin B are in accordance with this view because the peptide with Lys at P $ was hydrolysed by cathepsin B with the lowest K m , and the Leu-containing or Phe-containing peptides were hydrolysed with the highest k cat \K m values in the series (Figure 1 ). These findings are corroborated by a previous characterization of the S $ specificity of cathepsin B with tripeptidyl-7-amido-4-methylcoumarin and molecular modelling analysis [19] , in which the higher k cat \K m values were obtained with substrates containing Tyr and Arg at the P $ position ; an aromatic-aromatic interaction was proposed between a substrate Tyr residue and enzyme Tyr'(. In addition, the crystallographic data support electrostatic interactions involving Asp'" [15] or Glu#!, as indicated in the proregion interaction in cathepsin B [41] .
Figure 2 Specificity constant (k cat /K m ) for the hydrolysis of Abz-XAFRSAQEDDnp by papain, rat cathepsin B and human cathepsin L
The amino acids at position X (P 4 ) are indicated on the x-axis. The numbers above the bars are the K m values in µM.
In papain, Tyr'" and Tyr'( are part of its hydrophobic S $ subsite [43] [44] [45] [46] , justifying the preference of papain for Leu and Phe at P $ (Figure 1 ). Although papain hydrolysed the Lyscontaining substrates quite efficiently, X-ray studies on the papain-E-64 complex [43] did not show electrostatic interaction at the papain S $ subsite. Our results with cathepsin L indicate a preference for substrates with bulky hydrophobic as well as positively charged residues, but not Asp (Figure 1 ). This is in accordance with the crystal structure of human cathepsin L complexed with E-64 [47] , which shows a large S $ pocket formed by the amino acids Asn'', Glu'$ and Leu'*. Figure 2 shows the kinetic constants for the hydrolysis of the quenched fluorogenic substrates with substitutions at the P % position in the series Abz-XAFRSAQ-EDDnp by papain and cathepsins B and L. The substrates with hydrophobic residues Phe and Leu were hydrolysed with the highest k cat \K m values for the three proteinases, owing to lower K m values for cathepsin B and higher k cat values for papain and cathepsin L. Papain and cathepsin L accepted Lys and His at the P % position quite well, with a preference for the latter. With regard to the susceptibility of papain, it is interesting to note that this very favourable effect of His at P % contrasts with the resistance of the peptide with His at the P $ position. In contrast, the peptide with Asp at P % was poorly hydrolysed by cathepsin L and papain. However, no significant differences were observed in the hydrolysis by cathepsin B of the substrates containing either basic or acidic residues at P % . Little structural information is available from Xray crystallographic studies on the S % subsites of papain and cathepsins B and L ; it was uncertain whether this subsite would participate in the binding [15, 40, 41] . However, our results indicate that P % -S % interaction exists within the three proteinases because significant differences were observed in hydrolytic efficiency towards substrates with variations at the P % position. The S % subsite of cathepsin B seems to accept a hydrophobic residue in preference to any hydrophilic residue. X-ray studies of the complex of papain with Z-GPG-CHN # (in which Z stands for benzyloxycarbonyl) showed evidence of the interaction between the Z group and the papain R domain, in which the Z group at P % was interacting with Val"&( and Ser#!* [48] .
S 4 subsite specificity
S 2 h subsite specificity Figure 3 shows the kinetic constants for the hydrolysis of the quenched fluorogenic substrates with substitutions at P # h in the series Abz-AFRSXAQ-EDDnp. The most significant observation with cathepsin B is the variation in K m values with the different amino acids at the X position. The lowest K m with cathepsin B (0.81 µM) was observed with the hydrolysis of substrate containing Asn ; the highest (7.6 µM) was observed with the substrate containing Pro, although His, Lys and Phe at P # h also resulted in substrates hydrolysed with K m values higher than 4 µM. Cathepsin L hydrolysed the peptide Abz-AFRSWAQ-EDDnp with the highest k cat \K m value of all substrates assayed in this study. In comparison with other substrates of this series, the k cat \K m for this peptide containing Trp at P # h was due mainly to a low K m . The nature of amino acid at position P # h therefore seems to be critical for the affinity of substrate for cathepsins B and L. The latter enzyme also accepted the other hydrophobic amino acids, Tyr, Phe and Leu, quite well. Papain also showed a preference for the substrates with hydrophobic residues (Trp, Phe, Leu and Tyr), followed by the basic amino acids Lys and His. The S # h subsites of cathepsin L and papain, as with S $ and S % , did not accept an acidic residue. It is well known, on the basis of all the X-ray structures available for cathepsin B, that the occluding loop is located towards the prime region of the active site of this enzyme. The contacts between compound CA-030, an E-64 epoxy-analogue, and the occluding loop have been reported [27] ; the interaction of His""! and His""" with the P # h residue of the inhibitor, particularly the C-terminal carboxy group, was clearly demonstrated. In addition, it is also accepted that the occluding loop is responsible for the low k cat values for cathepsin B endopeptidase activity observed in this present paper as well as in previous reports [24, 26, 49, 50] . Hydrophobic interactions might also occur on S # h because substrates with Trp and Tyr at P # h were well accepted by cathepsin B (Figure 3 ). In accordance with this view, the procathepsin B X-ray structure revealed an interaction of Leu%" of the propeptide with Trp##" and His""! of the occluding loop [42] . S # h of cathepsin L is preferentially hydrophobic, accepting mainly Trp, followed by Leu and Tyr. This pattern was also observed on the X-ray structure of procathepsin L, in which Met(& of the propeptide interacted with Trp"(( on the core of the enzyme molecule [50] , and also by kinetic studies [51] . Papain S # h Interactions between subsites of papain and cathepsins B and L seems to be similar to that of cathepsin L ; it preferred hydrophobic residues but also accepted basic amino acids such as Lys and His. The available X-ray structures of papain did not show the Sh sites but by analogy with the procathepsin L structure it can be suggested that Met"(( would participate on this pocket, giving it its hydrophobic character.
S 3 h subsite specificity Figure 4 shows the kinetic constants for the hydrolysis of the quenched fluorogenic substrates with substitutions at P $ h in the series Abz-AFRSAXQ-EDDnp by papain and cathepsins B and L. At this position, cathepsins B and L did not show any clear preference between the different amino acids used, suggesting that substrate P $ h does not interact with these enzymes. In contrast, the best substrates for papain were observed in this series. The highest k cat \K m values were obtained with the hydrophobic residues Trp, Phe, Leu and Tyr at P $ h. The peptides with Asn and Asp were also well hydrolysed by papain. In accordance with this observation is the high-frequency selection of acidic amino acids at the P $ h position on screening of a substrate library for papain [40] . Although there are no available structural data related to the S $ h subsite, our results indicate that papain's binding site is larger than that of cathepsin L or B, which is in accordance with the classical proposal of an extended binding site (P % to P $ h) for papain [51] .
Susceptibility of the Abz-AFRSXAQ-EEDnp substrate series to human cathepsin B mutants
The mutants of cathepsin B examined in this work have in common modifications on the occluding loop (H111A and H110A) as well in residues outside the loop (D22A\H110A and D22A\H110\R116A) that anchor it in position in the native enzyme [29] . The kinetic constants for the hydrolysis of substrates from the series Abz-AFRSXAQ-EEDnp by human wild-type cathepsin B (Table 2) were very similar to those obtained with rat cathepsin B (Figure 3) . The modification at His""" (H111A) and His""! (H110A) of cathepsin B led to increases in the hydrolytic activity towards all peptides of the series, which was due mainly to an increase in k cat values by one or two orders of magnitude. H110A and the double (D22A\H110A) and triple (D22A\ H110A\R116A) mutants hydrolysed the substrates containing Figure 5 . the hydrophobic amino acids Trp, Tyr, Phe, Leu and Ala at two peptide bonds, as shown in Figure 5 . The hydrolysis at the carboxy group of Ser puts Arg at the S # enzyme subsite and the hydrophobic amino acids at S " h. These results indicated that on removal of the occluding loop contacts, this segment becomes more flexible, giving more room for substrate interaction with the extended binding site of cathepsin B. In this condition, the S " h-P " h interaction takes a determinant role ; the preference for Trp, Tyr, Phe, Leu and Ala to occupy the S " h subsite direct the cleavage to the carboxy group of Ser. In accordance with this interpretation, Trp, Tyr, Phe, Leu have been described to be present at P " h of the best substrates for cathepsin B in the series Dns-Phe-Arg-Xaa-Trp-Ala [22] . The apparent k cat \K m values for these peptides with two cleavage sites are presented in Table 2 to give the magnitude of hydrolytic activity of the mutants. All of the substrates assayed were hydrolysed by all mutants and a progressive increase in k cat \K m values was observed from the single-mutant to the triple-mutant enzymes. This occurred owing to a progressive increase in k cat values, at least in the peptides containing Ser, Asn, Asp, His and Pro at the P # h site, which were hydrolysed only at the Arg-Ser bond.
It is interesting to note that the H111A cathepsin B mutant hydrolysed all substrates assayed at the Arg-Ser bond but with k cat \K m values one to two orders of magnitude higher than those of the wild-type enzyme. Therefore, by removing the imidazole ring of His""", modifications are introduced in the hydrolytic centre of the enzyme that are distinct from those of the H110A mutation. It is possible that in the H111A cathepsin B mutant there is more space for substrate fitting without displacement of the occluding loop, justifying the increase in k cat \K m values but maintaining the hydrolysis at the Arg-Ser bond.
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